Branching in the embryonic lung is controlled by a variety of morphogens. Mechanics is also believed to play a significant role in lung branching. The relative roles and interactions of these two broad factors are challenging to determine. We considered three hypotheses for explaining why tracheal occlusion triples branching with no overall increase in size. Both hypotheses are based on tracheal occlusion blocking the exit of secretions. (H1) Increased lumen pressure stretches tissues; stretch receptors at shoulders of growing tips increase local rate of branching. (H2) Blocking exit of secretions blocks advective transport of morphogens, leading to (H2a) increased overall concentration of morphogens or (H2b) increased flux of morphogens at specific locations. We constructed and analyzed computational models of tissue stretch and solute transport in a 3D lung geometry. Observed tissue stresses and stretches were predominantly in locations unrelated to subsequent branch locations, suggesting that tissue stretch (H1) is not the mechanism of enhancement of branching. Morphogen concentration in the mesenchyme (H2a) increased with tracheal occlusion, consistent with previously reported results. Morphogen flux at the epithelial surface (H2b) completely changed its distribution pattern when the trachea was occluded, tripling the number of locations at which it was elevated. Our results are consistent with the hypothesis that tracheal occlusion blocks outflow of secretions, leading to a higher number of high-flux locations at branching tips, in turn leading to a large increase in number of branching locations.
Introduction
The embryonic mammalian lung undergoes branching in a stereotyped fashion, using a limited range of morphogenetic modules (Metzger et al., 2008) , influenced by geometry , gene expression (reviewed in (Warburton et al., 2010; Warburton et al., 2000) ), and experimental manipulation. It is well established that mechanical factors influence lung development: fetal tracheal occlusion leads to increased lung volume through increased secretion (Harding and Hooper, 1996; Harding et al., 1984) , whereas interfering with fetal breathing movements (Miller et al., 1993; Starrett and de Lorimier, 1975) or lung peristalsis (Jesudason, 2009 ) impairs lung development.
Prenatal tracheal occlusion has different effects at different stages of development. In the near-term fetus, tracheal occlusion increases lumen pressure and promotes lung growth (Harding and Hooper, 1996) and has been explored as a rescue for lung hypoplasia due to congenital diaphragmatic hernia (Flake et al., 2000; Harrison et al., 2003; Hedrick et al., 1994; Heerema et al., 2003; Jani et al., 2005) . The enhanced growth is not solely due to pressure effects, but is mediated by soluble factors (Papadakis et al., 1997) . These studies of late fetal development may not, however, be relevant to the question of regulation of branching morphogenesis, which occurs much earlier, during the pseudoglandular period (Fig. 1A) . At that stage (~E12-14), tracheal occlusion leads to a 2-to 3-fold increase in number of branches formed per day, a 30% reduction in their size, and an increase in lung vascularization (Unbekandt et al., 2008) . This increase in branching due to occlusion requires FGF10 signaling (Unbekandt et al., 2008) .
It is generally assumed that the mechanism by which pseudoglandular tracheal occlusion enhances branching is due to the buildup of pressure in the lumen. However, it is not clear what the intermediate mechanisms would be between increased pressure and increased branching. While it is well established that mechanics plays a significant general role in morphogenesis (Discher et al., 2005; Engler et al., 2006) and operates using many different intermediate mechanisms (Heisenberg and Bellaïche, 2013; Howard et al., 2011) , the specific mechanisms of mechanical regulation of development in specific systems such as the embryonic lung are less well established. This paper aims to develop and test hypotheses for specific intermediate mechanisms of enhancing of lung branching by tracheal occlusion.
Mechanistic models of lung branching have been developed with the goal of clarifying and quantifying primarily verbal or conceptual hypotheses. Each model focuses on a limited number of factors, while simplifying or ignoring others, with the aim of understanding simple versions of an inherently complex and highly redundant living system (Iber and Menshykau, 2013) . Purely geometric models consider the space-filling properties of the branched network . The most popular class of models considers the production, diffusion, binding, and interaction of substances (morphogens) (Clément et al., 2012; Guo et al., 2014a Guo et al., ,2014b Hirashima et al., 2009; Menshykau et al., 2012 Menshykau et al., , 2014 Miura and Shiota, 2002) . A small number of models consider the mechanical aspects of branching morphogenesis Bokka et al., in press; Bokka et al., in review; Lubkin, 2008; Lubkin and Li, 2002; Lubkin and Murray, 1995) .
While many models have clarified -in a rational, quantifiable framework -the complex interactions between proteins, signaling, and differential growth in the branching lung, and some models have clarified the mechanical environment in the embryonic lung, no existing model is structured to answer the question of how tracheal occlusion enhances branching. In this paper, we consider alternative hypotheses for the mechanisms of increased branching rate in the occluded embryonic lung. We start with the observation that the lung, like other epithelial organs, is a secretory organ. Tracheal occlusion causes secretions to build up, increasing lumen pressure.
Hypothesis H1. Increased lumen pressure deforms lung tissues. Either local tissue stress or local tissue strain generates a local signal which increases the local activity of branching modules.
Hypothesis H2. Increased lumen pressure prevents advective transport of soluble morphogens. Altered distribution of morphogens changes the location and activity of branching modules.
To test these hypotheses in a physically justified, quantifiable framework, we developed a suite of mathematical/computational models. To test H1, we developed a model of the stresses on and deformation of the embryonic lung under different lumen pressures. To test H2, we developed a model of the transport of a generic morphogen, which is produced at the pleural/mesothelial surface and binds on the basal epithelial surface. The generic morphogen need not be a single protein, but could represent the collective lumped activity of multiple interacting morphogens.
The model allows us to analyze the effect of lumen pressure on the morphogen transport. We illustrate basic model outcomes in cartoon 1D and axisymmetric models, and study in greater depth the morphogenetic implications of H1 and H2, in 3D models based on confocal microscopy of an E12.5 mouse lung (Fig. 1 ).
Results

Geometry
For the section of lung we used (Fig. 1A, C, D) , the total volume was 41, of which mesenchyme, epithelium, and lumen were 31, 7.5, and 2.1 (×10 6 μm 3 ).
Elastic model
To test the mechanical effects of tracheal occlusion, we determined stresses and strains in the tissue as we varied lumen pressure. The axisymmetric model (Fig. 2) illustrates several basic results, expected from known engineering principles, which also generalize to the 3D model (Fig. 3) . The highest overall stresses are seen at the apical surface, decreasing with distance from the lumen (Fig. 2B ). Stress is a directional quantity; because stresses are higher in the circumferential direction, overall stresses are higher in the stalk than at the tip (Fig. 2B) . Tissue stress is proportional to the change in lumen volume, which is a weakly nonlinear function of lumen pressure (Fig. 2C) . Strains are not shown, but results are comparable to those for stress.
In the 3D elastic model (Fig. 3) , we again observe highest stresses at the apical surface, and higher stresses in the stalks than at branch tips, due to circumferential stress being approximately twice the stress in the other directions (Fig. 3A) . However, the branched geometry affects stresses in the tissue in ways not seen in the axisymmetric model. As in the axisymmetric case (Fig. 2B) or intestines, it is biologically reasonable to assume that different tissues, and different surfaces of those tissues, would have different sensitivities to stress or strain. Therefore we also separately examine stress distribution on the pleural surface ( Fig. 3B ) and basal ( Fig. 3C ) and apical ( Fig. 3D ) surfaces of the epithelium, scaling each to their average magnitude. This scaling between the layers allows us to observe striking differences among the three layers in spatial stress distribution within each layer. On the pleural surface, the stress is highest near the tips of the underlying epithelium (Fig. 3B ). On the apical surface, we observe highest stresses on the stalk, and lower stresses at the tips and branch points (Fig. 3D) . The stress distribution on the basal surface is significantly different from that on the other surfaces: here, stresses are highest at the flatter regions of the sides of the tips, and along the flatter sides of the stalk (Fig. 3C ).
Solute transport model
When the trachea of the embryonic lung is open (control), lung secretions can drain. Lumen contents originate in epithelial lung tissues, which in turn draw fluid from surrounding tissue and medium. Thus there is flow between and through the tissues. This flow, whether interstitial, intercellular, or lumenal, advectively carries soluble molecules which may be morphogenetically important. When the trachea is blocked experimentally, secretions cannot exit, and flow essentially stops, both in the lumen and in surrounding tissues, just as a valve stops flow in a hose.
To test the potential morphogenetic role of fluid transport in the embryonic lung, we modeled the transport of a generic morphogen which is produced by the mesothelium and binds completely to the epithelium. We modeled variable occlusion of the trachea as a reduction in outflow velocity of epithelial secretions. Because the fluid comes from the tissue, blocking the outflow will block the flow through the tissue as well, unless the lumen is expanding under pressure. The lumen may indeed expand some under pressure transiently, but its expansion will quickly be halted by the resulting static stress in the surrounding tissues. We restrict our model to steady-state phenomena.
The Peclet number (Pe) is a dimensionless ratio, characterizing transport, which measures the relative contributions of diffusion and advection. It is defined as Pe≡vL/D, where v is flow velocity, L is tissue thickness, and D is solute diffusion coefficient. Higher Pe corresponds to advection-dominated transport; lower Pe corresponds to diffusiondominated transport (Howard et al., 2011; Truskey et al., 2009 ). Diffusion coefficients depend primarily on molecular size and the composition of the material through which diffusion occurs. Occlusion will not affect these properties, hence will not affect the diffusion coefficient. However, occluding the trachea will reduce outflow velocity and thereby lower Pe.
In the embryonic lung, few physical parameters have been measured. Based on the parameters estimated in Table 1 , we roughly estimate Pe b 10, and more likely Pe b 0.1. We therefore model tracheal occlusion as a decrease in Pe from 0.1 (advection-dominated) to a much smaller value, such as Pe~0.001 (diffusion-dominated). We assume identical physical parameters, such as diffusion coefficient, and rates of morphogen synthesis/release at the pleural surface, with complete binding at the basal surface of the epithelium.
Pe governs the spatial distribution of morphogen in the mesenchyme (Fig. 4) ; higher Pe corresponds to a more uniform concentration, except near the epithelial surface, where it decreases sharply. The maximal concentration found in the mesenchyme depends on Pe, and also depends on the balance between synthesis and transport (Fig. 4A, B) . Specifically, for a synthesis rate (flux) k at the pleural surface, the local maximum concentration will be (1 − exp(− Pe))⋅k/v. Thus, for the same outflow velocity, two molecules of very different molecular weight and diffusion coefficient will be expected to have very different distributions in the mesenchyme (Fig. 4A) . Occlusion, corresponding to a reduction in v and Pe, will increase the solute's concentration in the mesenchyme (Fig. 4B) .
The solute transport model in axisymmetric geometry ( Fig. 4C ) and in 3D (Fig. 4D ) exhibit all the qualitative features observed in the 1D model (Fig. 4A, B) . Additionally, in axisymmetric geometry (Fig. 4C ) and more clearly in 3D (Fig. 4D) we can see, because of the richer geometry, a relevant change in spatial distribution. In the control case (higher Pe), only some tips are surrounded by a high morphogen concentration; in the occluded case (lower Pe), there are additional locations with high morphogen concentration (Fig. 4D) .
The morphogen concentration in the mesenchyme (Fig. 4A , B, C, D), which is increased when the trachea is occluded (low Pe), does not directly relate to the morphogen activity in the epithelium. The morphogen's interaction with the epithelium is governed by how much morphogen binds to epithelial receptors, i.e. the flux of morphogen at the basal epithelial surface (Fig. 4E) , not the concentration in the mesenchyme (Fig. 4A , B, C, D). With our model's steady-state assumption, the total flux to the epithelium will depend only on the rate of synthesis at the mesothelium. However, as can be seen in the simple axisymmetric model, tracheal occlusion changes the spatial distribution of the morphogen flux, concentrating it in a more compact area (Fig. 4E) .
In 3D, where multiple tips interact spatially, and where the flow is more complex, this changed distribution of morphogen flux is more dramatic. Most high-flux areas are shaped like an elongated cap (Fig. 5) . In the control case of the open trachea (Pe~0.1, advectiondominated), there is a high flux of morphogen spread across groups of distal epithelial buds. When the trachea is occluded (Pe smaller, diffusion-dominated), the morphogen flux is localized to much smaller and more numerous locations, capping individual branch tips rather than covering a broad region (Fig. 5) . When the trachea is occluded (diffusion-dominated), we observe approximately triple the number of high-flux locations as in the control (advection-dominated) case. Furthermore, the occluded lung shows the occasional cluster of three high-flux spots (Fig. 6) .
Although low Pe represents slower flow, fluid streamlines (paths) do not depend on Pe (Fig. 5) .
Methods
Embryonic lung histology was simplified to consider only lumen, epithelium, and mesenchyme (Fig. 1) . Epithelium and mesenchyme were modeled as different but uniform linear isotropic incompressible elastic 
Lumen 9 Pressure jump δp 10 2 Pa Est. from Blewett et al. (1996) or porous materials. Lumen was modeled as a Stokes fluid . Flow in tissues was modeled by Darcy's equation, and the boundary condition between epithelium and lumen by Starling's Law. Tissue permeability and diffusion coefficient were dependent on porosity.
The lumen was considered to be either open at the trachea or partially occluded. Partial occlusion was modeled by adjusting the pressure difference between the lumen surface and the trachea. Flow was driven by a pressure jump term in Starling's Law.
For simplicity, multiple interacting morphogens were modeled as a single morphogen, produced at the pleural surface at a constant rate, advecting and diffusing in the tissues, and binding completely on the basal epithelial surface (Bellusci et al., 1997; Shannon and Hyatt, 2004) .
Parameters were based on measurements from microscopy or estimated from published values for similar systems (Table 1) . Fluid flow rate in the embryonic lung has not been measured. We estimated flow rate by comparing with measured rates in the fetal sheep, scaling down for the very different surface:volume ratios, and assuming that the secretion rate in embryonic lung is much smaller than that at the late fetal stage. Lumen pressure has not been measured in embryonic lung, but was estimated based on estimated flow rate. The Peclet number is Pe ¼ vL=Dφ m , where v=φ m is the average interstitial inlet velocity at the basal surface and L is the thickness of the mesenchyme. For the embryonic lung system, based on the parameters in Table 1 , we estimate the maximum Peclet number to be 0.1.
For 3D geometry, we used a confocal stack of an E12.5 WT ICR:Hsd (CD-1) mouse lung. The stack was segmented into lumen, epithelium, and mesenchyme using Simpleware. In some places the narrow lumen was difficult to resolve algorithmically and we had to manually resolve segmentation errors with visual interpretation. A tetrahedral mesh with 362,421 elements was generated by Simpleware, with finer mesh in regions of high curvature.
Numerical simulations were done with the finite element method (FEM) in Comsol using the Coefficient Form PDE, and the CFD, Porous Media/Subsurface Flow, and Structural Mechanics modules. The models were initially developed in axisymmetric geometry and tested for convergence, conservation of mass, and general behavior. Convergence required Poisson's ratio of 0.45 corresponding to~1% volume loss.
Discussion
Why do epithelial tips and stalks exhibit stereotypic branching in vivo? It has long been noted that proximal tracheal epithelium can respond either to transplanted peripheral mesenchyme, or to growth factor soaked beads, by inducing ectopic branching, and in fact ectopic lung formation. However, this effect is short lived, so that this experiment does not work a few hours later. Thus, the ability to respond to morphogens such as FGF10 becomes restricted. One reason for this is that the signal transduction machinery downstream 1 of FGF receptors such as Shc-SOA-Ras, Sprouty2 and Sox9 become concentrated in the tip regions and at the sites of stereotypic side branches from stalks (Tefft et al., 2002) . The condensation of morphogenetic centers within the mesenchyme that is predicted herein mathematically to occur in response to tracheal occlusion is particularly interesting. One suggestion is that this may occur in association with pleural mesothelial stretching. We have noticed previously that occlusion of the trachea in E12 lung leads to a marked condensation of FGF10 within the mesenchyme (Unbekandt et al., 2008) .
There are other examples where trapped lumen secretions alter morphogenesis. For example, enhanced secretion in the zebrafish gut leads to gut lumen dilation (Bagnat et al., 2010) . It has long been known that late fetal lung occlusion increases lung size, through increased lumen pressure (Alcorn et al., 1977; Blewett et al., 1996; Bullard et al., 1997) . It was recently found that occluding the trachea in the pseudoglandular period increases lung branching and mitotic rate, though not overall size (Unbekandt et al., 2008) . Thus in the pseudoglandular lung the epithelial surface area increases with occlusion, though the overall volume remains the same. By analogy, a box of fixed size filled with crumpled paper can hold more crumpled paper if the paper is crumpled more finely.
It has been assumed that this result, and the results in other systems mentioned above, were due to internal pressure, mediated by stretch receptors (H1), though in contrast to late fetal development, lung lumen pressure has not been measured at that earlier developmental stage. The pressure/stretch assumption seems reasonable, particularly in the zebrafish gut and late fetal lung. However, in the pseudoglandular lung, from a purely physical perspective, this proposed mechanism is actually counterintuitive. In an irregular shape (e.g. a rubber glove), internal pressure has the effect of rounding the shape towards a sphere (decreasing curvature; locally flattening). By contrast, an increase in branching represents an increase in curvature (analogous to crumpling), not a decrease. How, then, could an increase in branching result from a stress-sensing mechanism? One of the goals of our modeling was to analyze the location, direction, and magnitude of stresses in the embryonic lung under internal pressure, in order to clarify the feasibility of stress sensing (H1) as an intermediate mechanism to increase branching.
New tips typically form at the shoulders of existing tips, the location of highest curvature. However, we found that the highest stresses in the epithelium are not in the tips, but in the stalks (Figs. 2-3) . Furthermore, within the tips, the highest stresses are on the flat sides, not on the rounded shoulders where branches emerge (Fig. 3C) . Thus, for epithelial stretch sensing to be a mechanism which increases branching, there would have to be some additional inhibitory mechanisms, since the locations of stretches are not the same as the locations of branching.
The epithelium, however, is not the only potential site of stretch reception. We observed that occlusion produced local stresses on the pleural surface near underlying epithelial tips (Fig. 3B) ; it is possible that these local stresses lead to enhanced local morphogen release.
Thus while it initially seems plausible that the mechanism of increased branching from tracheal occlusion would be from stretch sensing of increased lumen pressure (H1), our analysis shows that the location of the relevant stretch reception is unlikely to be in the epithelium, since the resulting stresses (and stretches) are generally in the wrong locations for this to be the mechanism. If increased branching is due to stretch reception, our analysis shows that a more plausible site of the stretch reception is the mesothelium.
Our analysis of the stretch hypothesis H1 was based, for parsimony, on a model of the mechanics of embryonic lung tissues as uniform isotropic elastic solids. In the absence of evidence of other mechanical characterization of these tissues, these are reasonable assumptions. However, more complex or just different assumptions (on the constitutive laws, or even just on the uniformity of the material properties) would lead to different conclusions. For example, a previous model (Lubkin and Murray, 1995) considered the tissues to behave, on the developmental time scale, as a viscous fluid (mesenchyme) with a surface tension (epithelium). That is, stresses may be resolved over time by a change in the zero-stress-state. That assumption, coupled with lumen pressure, leads to a branching instability analogous to viscous fingering, with a characteristic length scale comparable to the observed tip size, and appropriately dependent on the magnitude of the pressure. Thus, different assumptions on the constitutive laws of the tissues can lead to different conclusions. We considered an alternative explanation for the enhanced branching of an occluded lung, neglecting stretch effects. Because the lung is a secretory organ, we considered internal flows and their role in transport of morphogens (H2). For simplicity, we modeled a complex distributed signaling network by a conceptually aggregated generic morphogen. Occluding the trachea reduces or halts outflow from the lumen. We found that tracheal occlusion should increase morphogen concentration in the mesenchyme (H2a), and alter its distribution (Fig. 4) . This agrees with our observation of increased FGF10 within the mesenchyme of an E12 occluded mouse lung (Unbekandt et al., 2008) .
Branching of an epithelium is presumably regulated by morphogens binding to the epithelium itself, only indirectly by interactions with the mesenchyme. Therefore, rather than tracking how much morphogen is found distributed in the mesenchyme (H2a), it may be a better indicator of morphogenetic potential to examine how much morphogen reaches the epithelial surface (H2b). We found that occluding the trachea changes the spatial distribution of morphogen flux at the epithelial surface, leading to a tripling of the number of locations of high morphogen flux (Fig. 5) , which corresponds nearly exactly to the ratio of branching enhancement seen in occlusion experiments (Unbekandt et al., 2008) .
The strikingly increased branching that occurs in response to tracheal occlusion, and that requires FGF10 signaling, is also associated with a marked increase in trifurcation of tips, as predicted here (Fig. 6) . We have previously been hesitant to report this potentially heretical but indeed repeated observation. Interestingly trifurcation is found mostly in anterior space-filling branches of the epithelium (Unbekandt et al., 2008) . Thus, tracheal occlusion appears to control branching of the lung epithelial tips by mechanisms that redistribute morphogen flux, which in turn induce increased tip bifurcation and trifurcation.
Biologically, the epithelial cells in the tips and stalks appear to behave according to very different rules. Stalk cells divide laterally in response to mechanical strain and thus expand the circumference of the stalk (Tang et al., 2011) . In contrast, tip cells divide for the most part asymmetrically, with the proximal cell remaining in the plane of the tip basal membrane, while the daughter cell is extruded distally, accounting for distal extension of the tip ElHashash and Warburton, 2011) . While the stalk cells are thought to be responding to mechanical stretch via lateral intercellular signals such as Notch, distal tip cells are thought to be responding to morphogens such as FGF10. Our observation that the highest stresses are in the stalks is consistent with the finding that when FGF10 signaling is blocked, the occluded-trachea lung shows a dilation of the airway, not an increase in branching (Unbekandt et al., 2008) .
Certainly isolated tips will extend towards and eventually engulf an FGF10 soaked bead, suggesting that tips are capable of sensing an FGF10 gradient (del Moral et al., 2006) . However, in the absence of such an imposed gradient, uniformly distributed FGF10 is capable of inducing randomly oriented branching from isolated lung epithelial tips in culture (Tefft et al., 2005) .
Gradient sensing is, at first glance, a plausible mechanism. Morphogen gradients can be created by a variety of mechanisms (Fleury et al., 2006; Rogers and Schier, 2011) . Chemotaxis is by now a familiar cell behavior. Motile cells can detect gradients by detecting a change in concentration as they move through a gradient. But can a sessile cell sense a gradient? How could it, at a distance, without moving through the gradient? The question has received very little attention. Our model of advective-diffusive transport was carefully constructed to not require any hypothetical gradient-sensing machinery. We assume, more simply and robustly, that epithelial cells receive a morphogenetic signal by receiving (binding) molecules, without moving through a gradient. That is, our assumption is that cells are tracking the flux of morphogen at their surface, not its gradient nearby. Although flux and gradient are proportional in the case of pure diffusion (as discussed in a previous Laplacian model (Clément et al., 2012) ), they are not the same quantities. In particular, when diffusion is coupled to advection, as occurs in most tissues including the lung (Fleury et al., 2006) , the flux is not proportional to the gradient and must be considered explicitly.
Our solute transport model aggregated a complex signaling network into a simplified assumption of a generic morphogen produced at the pleural surface and binding at the epithelial surface, revealing the role of the balance of advection and diffusion on morphogen spatial distributions. Modification of the model assumptions, such as complete binding at the epithelial surface, will quantitatively change the results, but should not substantially change the qualitative features of the results.
Disaggregating the simplified generic morphogen into known substances may help suggest a role for both mechanical stretch and solute transport. FGF9 is produced in the lung mesothelium and is thought to diffuse and advect into the adjacent sub-pleural mesenchyme, where it stimulates the production of FGF10, which in turn diffuses and advects to the epithelial tips, where the signal transduction elements required to transduce FGF10 signal, i.e. FGFR2 and downstream effectors, are concentrated. Thus, FGF9, acting "upstream" of FGF10 both in the signaling sense and in the fluid sense, would be a candidate molecule to respond to mechanical forces pulling or pushing on the mesothelium (pleura). Occlusion will alter the transport of both of these molecules, directing FGF10 signaling to more locations, where it will induce correspondingly more branches.
Our models are relatively simple to construct, analyze, and interpret, and give relatively clean conclusions. The living morphogenetic system is not nearly as controllable. It would be exceedingly difficult to do an experiment to distinguish between morphogenetic signaling directly due to mechanical perturbation versus indirectly via altered transport. One approach would be to grow a branching epithelium in a controlled ECM with appropriate growth factors. A major obstacle to the success of that approach is that altering the composition of an ECM alters both its mechanical properties and its transport properties. Furthermore, the diffusion coefficient and the permeability in the ECM are confounded; in a denser ECM, both are reduced. It should be possible (in theory) to stiffen an ECM in vitro by crosslinking without a comparable decrease in permeability and diffusion coefficient, but all these properties would need to be carefully tested. A second approach, with its own challenges, might be to embed appropriately sized magnetic beads in the tissue, control the lumen pressure via catheters, and directly stimulate the system mechanically with the beads.
In summary, our models suggest that (1) any direct epithelial signaling from mechanical stress due to lumen pressure will act primarily in the stalk, not in the tips, and will stimulate dilation rather than branching; (2) if there are stretch receptors which act to promote branching (as opposed to dilation), they are most likely to be located in the mesothelium/pleura; (3) the intermediate mechanism by which pseudoglandular tracheal occlusion increases branching is that blocked secretory flows alter distribution patterns of morphogen transport and binding (flux), increasing the number of locations at which branches are induced, and increasing the frequency of trifurcations.
